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The interface heat transfer of two layers induced by van der Waals (vdW) contacts is theoretically
DOI: 00.00 00/XXXXXXXXXX . . . . .
investigated, based on first-principles calculations at low temperatures. The results suggest that
out-of-plane acoustic phonons with low frequencies dominate the interface thermal transport due to
the vdW interaction. The interface thermal conductivity is proportional to the cubic of temperature
at very low temperatures, but becomes linearly proportional to temperature as temperature increases.
We show that manipulating the strain alters vdW coupling, leading to increased interfacial thermal
conductivity at the interface. Our findings provide valuable insights into the interface heat transport

in vdW heterostructures and support further design and optimization of electronic and optoelectronic

nanodevices based on vdW contacts.

1 Introduction

As electronic devices shrink in size and become more powerful,
management of heat dissipation has become increasingly crucial
to ensure reliable performance. One major challenge in ther-
mal management arises from high-density interfaces inside and
outside micro-nano devices, where Kapitza thermal resistance
can hinder heat transfer between layers 2. Of particular inter-
est are microscopic mechanisms for interfacial thermal transfer
through van der Waals (vdW) contacts fabricated from novel low-
dimensional materials. Experimental techniques such as scan-
ning tunneling microscopy, suspension micro-thermal bridge, and
micro-Raman spectroscopy have proven useful in accurately mea-
suring interfacial heat transport in vdW interfaces?. The use of
two-dimensional (2D) materials presents exciting possibilities for
the creation of innovative nanodevices3. However, the corre-
sponding theoretical investigations are still lagging.

An accurate understanding of interfacial heat transfer via vdW
interaction is vital for the thermal management in these nano-
heterostructures and for improving practical device applications.
The interfaces by the vdW interactions differ significantly from
conventional interfaces, such as wedded interfaces, since the in-
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terface is the device. 2D materials have unique out-of-plane
acoustic (ZA) phonon modes with quadratic dispersion, provid-
ing a new channel for interfacial thermal transfer®. Very recently,
it has been proposed that there is an additional way of vacuum
heat transport, resulting from quantum fluctuations that also gen-
erate the forces behind vdW interactions®. Interestingly, scientists
have discovered that weak vdW coupling can result in significant
interface thermal conductivity®. Utilizing vdW interface switch-
ing enables engineers to improve and control interface thermal
conductivities”. Strain engineering can also enhance the inter-
face thermal conductance by a considerable amount®. The in-
terface thermal conductance is proportional to the square of the
adhesion energy of the vdW Si/Pt interface®. These investiga-
tions show that vdW force connections facilitate easier control of
interface thermal conductivity.

The heat transfer via vdW interactions, with a particular fo-
cus on graphene-based ones, has captured significant interest in
recent years. However, investigations regarding interface heat
transfer between different layers, along with corresponding the-
oretical analyses, have remained quite limited to date. In addi-
tion, the inconsistent results of various experimental and simula-
tion methods have been observed!?. There is a consistent flow
of significant new findings. Researchers have recently observed
thermally induced rotation of graphene on hexagonal boron ni-
tride (hBN) !, within a vdW heterostructure. The interface ther-
mal conductivity of graphene/hBN heterostructures is remarkably
changed by the interlayer rotation angle. The spectral phonon
transmission is mainly contributed by low-frequency phonons be-
low 10 THz!2. The detailed physical mechanisms behind this
finding still need to be further explored. By leveraging vdW in-
terfaces, enhanced and switchable nanoscale thermal conduction
is achievable by utilizing bundles of boron nanoribbons!3. The
importance of investigating the interfacial thermal conductivity
in vdW heterostructures using precise calculations of vdW cou-
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Fig. 1 (a) Top view of the AB-stacked graphene/hBN heterostructure.
Brown, purple, and grey atoms represent C, B and N atoms, respectively.
(b) Schematic depiction of thermal transfer in a graphene/hBN vdW
heterostructure. d =3.3313 A is the optimized equilibrium interlayer
distance along the z direction (c axis).

pling cannot be emphasized enough. This is crucial for gaining
a better understanding of heat transfer in fundamental nanoscale
structures and has significant implications for developing and im-
plementing nanodevices.

2 Theoretical model and results

To that goal, we first carried out first-principles calculations using
density functional theory (DFT) in the Vienna ab initio simula-
tion package (VASP) 141> with projector augmented-wave pseu-
dopotentials 1617, The total energy is determined by using the
PBE approximation and the plane-wave energy cutoff set at 550
eV!8, The Brillouin zone is sampled using the Monkhorst-Pack
scheme, and a I'-centered k-point mesh of 12x12x 1 ensures full
relaxation of structures. We accounted for vdW interactions us-
ing the DFT-D3 method with the Becke-Johnson damping func-
tion19:20, A vacuum layer of 20 A is specified. After relaxation,
the graphene/hBN heterostructure exhibits an equilibrium lattice
constant of 2.4857 A, an interlayer distance of d = 3.3313 A, and
a total energy of E = —9.1170 eV/atom, as shown in Fig. 1.

To determine the total energy of each optimized structure, the
distance between surfaces is adjusted and calculated at 0.1 A in-
crements from 1 A to 11 A, using a 6x6x1 k-point mesh. The
energy data is changed based on the zero point of the potential
energy at a distance of 11 A, allowing for the acquisition of en-
ergy variation data for the graphene and hBN layers at different
distances in Fig. 1(a) shown. After thorough trials of numeri-
cal approaches like optB86b-vdW, optB88-vdW, vdW-DF and DFT-
D3, we have perceived a significant ascend in precision when us-
ing DFT-D3 in VASP to perform calculations of weak interactions.
The DFT-D3 approach allows for atom pair energy contributions
and tripartite adjustments, effectively improving accuracy with-
out a cumbersome upsurge in computational effort. 1920 There-
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Fig. 2 (a) The vdW potential energy E in a graphene/hBN heterostruc-
ture, obtained by DFT calculations and LJ potential fitting with o =2.99
A and € =0.0249 eV. The calculated phonon energy spectra (b) and the
acoustic phonon group velocities (c) in graphene, hBN layer, and their
heterostructure. (d) The transmission coefficient 7 of the out-of-plane
acoustic phonons as a function of the frequency @ for different angles 6;
(cf. Fig. 1(b)).

fore, this method can be used as a general approach to studying
interlayer interactions in vdW heterostructures. The interaction
between pairs of atoms is described using the Lennard-Jones (LJ)
potential !, which is commonly used for the vdW interaction as

o= —se[(2)'~(2)"]
z z

with € the depth of the potential well and o the length scale pa-
rameter. The two parameters € and o can be fitted with the DFT
calculated data as shown in Fig. 2(a). We find the optimized
equilibrium nearest distance d = 3.3316 A between the layers 1
and 2, e = 0.0249 eV/atom, and ¢ = 2.99 A.

The application of the vdW interface with the harmonic approx-
imation is utilized for modeling the interfacial contact in vdW het-
erostructures 13, The vdW spring constant K between the two
layers is represented by

9%¢ 72e
K=(52) .= 20357 @

with zg = 2!/%6 being the equilibrium nearest neighbor atomic
separation. In particular, by fitting between first-principles cal-
culations and the LJ potential, K = 0.159 eV/A? is calculated for
graphene/hBN heterostructures.

The phonon dispersions and the second-order interatomic force
constants (IFCs) were calculated using the Phonopy package22.
The second-order IFCs are evaluated using the 8 x 8 x 1 super-
cells with a I'-centered k-point mesh of 1 x 1 x 1. The phonon
group velocities were calculated by Phonopy as v¢(g,) = V,0(q,),
where g, is the wave factor with the band index v. The maximum



phonon group velocities were selected the data near the center of
Brillouin zone, i.e., ¢, — 0, and the average phonon group veloc-
ities of each phonon branch were averaged in all Brillouin zone.

Fig. 1 (b) shows the schematic of the structrue and the thermal
transfer in a graphene/hBN vdW heterostructure. Considering the
vdW interface condition, the modified transmission coefficient of
the j phonon mode with frequency w; for the vdW contact based
on an improved acoustic mismatch model is

o 47122 cos 01 cos 6,
S =

3

(2108 6, +zpc080)% + K2 (1112 cos 0 cos 6,)2

The detailed derivation of Eq. (3) is shown in the electronic
supplementary information (ESI) S1. The spring constant per
unit area for graphene/hBN heterostructure is given by K4 = nk,
where n = 3846 nm~2 and K; = 9.72 x 101 kgm—2.s~2. The
acoustic impedance of the material/layer i (i =1 or 2) in vdW
heterostructures is z; = p;v; j, where p; and v; ; are the mass den-
sity and the average group velocity of the phonon mode j, respec-
tively. The angle between the interface normal and the phonon
propagation direction in layers 1 and 2 is denoted by 6;, which
obeys Snell’s law as sin6; /v; = sin6, /v, [see Fig. 1(b)]. In pre-
vious works, an incorrect transmission coefficient T was derived
and applied >>13-23, The initial contributors misplaced the acoustic
impedances z; and z, by reversing their position at the denomina-
tor, leading to an error. Unfortunately, the follow-up works have
failed to acknowledge and rectify this mistake, carrying forward
the flawed expression. This work presents the correct Eq. (3) for
transmission coefficient through vdW interactions. The updated
formula is of significant importance and necessary for the relevant
experimental studies.

Fig. 2 (b) and (c) show the phonon energy spectra and the
acoustic phonon group velocities for graphene, hBN layers, and
the corresponding heterostructure, calculated by DFT. The nu-
merical average and maximum phonon group velocities v; ; are
respectively shown in Table I. The transmission spectra of ZA
acoustic phonons are displayed in Fig. 2(d). The ZA Phonons
with frequencies below 1 THz can transmit through the vdW
interface almost entirely, while the ZA phonons with frequen-
cies above 10 THz are mostly unable to do so. This suggests
that the low-frequency ZA phonons are most likely to penetrate
through vdW-connected interfaces. Experimentally, the modula-
tion of low-frequency ZA phonons can effectively control the ther-
mal conductivity of the van der Waals interface. The results of
our theoretical analysis are supported by the molecular dynamics
simulations of Ref.12. Their simulation shows that the thermal
conductivity in multilayer graphene/h-BN interface is dominantly
contributed by the low-frequency phonons below 10 THz, and it
decreases monotonically with increasing rotation angle between
graphene and h-BN layer due to the enhanced interfacial phonon
scattering. Our theoretical model can explain the results with-
out rotations in their molecular dynamics simulations. The ZA
phonon transmission spectrum blueshifts with increasing angle
of incidence. We have observed the prominent differences be-
tween these results and those of the traditional welded interfaces
(KA — 00) 2 .

Table 1 The calculated average and maximum LA, TA, and ZA phonon
group velocities (km/s) of graphene, hBN, and their vdW heterostruc-
ture.

Average Maximum
Velocity (km/s) VIA VTA VZA VIA VTA VZA
Graphene 894 6.54 3.74 | 21.89 13.81 8.22
hBN 949 797 256 | 19.65 1212 6.28
Heterostructure | 9.61 7.95 239 | 20.73 12.82 6.10

The gross thermal current per unit area J between the both
layers including all the phonon mode j with the average velocity
v;,j is given as

1 Wj. 0. .
ZEZ/ ! / lN((Dj,T])Fl(DjlejT(jDCOSGI Sil’l@[d@]d(l)j
= J0 0 ’
J
4
1 Wjey [0, j .
-3 Z/ / N(wj,T>)hw;vy jTgcos 6, sin6rdd 6, ;,
= J0 JO ) ‘
J

with N(w;,T;) = wj?/[zn%;(ehw,/kﬂj —1)] being the density of
phonon states at temperature 7;. The derivation process and ad-
ditional modeling of Eq. (4) are shown in EIS S2. wj., and 6,
represent the cutoff frequency and the critical angle, respectively.

Fig. 2 (b) and (c) clearly demonstrate that graphene and hBN
layers possess identical crystal structure, atomic mass density, and
similar phononic properties!!. As a result, the expression for
gross thermal current per unit area J can be confidently estab-
lished as

 KTAAT
VA Z//

with x; = hw;/kgT;. The termperature difference AT = |T}
small, and

cos 0;sin 6;d 6;dx ;, 5)
— Tz‘ is

i 47125 cos B cos 6,

= , 6
(z1 cos By + 7 cos 61)2+nx?(z1z2005 601 cos 6,)2 ©)

with n = k3772 /(H°K3).
The interface thermal conductance per unit area is defined as

J  KRK3T x,Lx,1n1+B )
K== DA Z/ e %)

with B} = k37223 /(4n*K3) and x;. = hojc/ksT. ;. is the cut-
off frequency for the j phonon mode. The Kapitza thermal re-
sistance can be computed as R; = 1/x;. The values of @4,
Orpc, and oz . are estimated in Fig. 2(b) to be 24.1 THz,
18.0 THz, and 10.0 THz, respectively. These results are consis-
tent with the reported findings%*. In this work, the inter-plane
acoustic transverse phonon mode (j = TA), the inter-plane acous-
tic longitudinal phonon mode (j = LA), and the ZA phonon mode
(j = ZA) mentioned before are considered at low temperatures.
p = 2.28 x 10 kg/m? in graphene?® and p = 2.27 x 10* kg/m?
in hBN layer2®. It has been noticed that instead of using the
maximum phonon group velocities listed in Table I, the average
phonon group velocities should be used in vdW heterostructures
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Fig. 3 The temperature dependence of the interfacial thermal conduc-
tance k; from TA and LA phonons (upper panel), ZA phonons, and the
total interface thermal conductance (lower panel) in a graphene/hBN
heterostructure.

when calculating the heat conductances. Numerous research ef-
forts to date have not distinguished between the two group ve-
locities, which leads to an overestimation of the interface thermal
conductivity27-28,

Fig. 3 illustrates the temperature dependence of the inter-
facial thermal conductance x; induced by TA and LA phonons,
ZA phonons, and the total interface thermal conductance. It re-
veals that the interfacial thermal conductivity k; is dominated by
the ZA phonon modes, followed by the TA phonon, while the
LA phonon has the smallest contribution. Previous studies have
demonstrated comparable findings regarding bilayer graphene2°.
The contribution to conductivity increases with decreasing group
velocity of acoustic phonons. Furthermore, the vdW interface
connection determines that the impact of the ZA phonon is sig-
nificant, while the LA phonon has minimal influence. At very
low temperatures, the interfacial thermal conductivity is propor-
tional to the third power of the temperature, namely x; ~ 7> for
T — 0, which originates from the Debye’s T3 law of heat capac-
ity; however, as the temperature increases, the interfacial thermal
conductivity increases quasi-linearly with temperature, i.e. k; ~T
for T > 0. The temperature dependence of the interface thermal
conductivity results mainly from the vdW force connection. The
energy of ZA phonons is lower than that of TA and LA phonons,
and the frequency of ZA phonon modes is proportional to the
square of the wavevector. The number of phonons increases more
slowly with increasing temperature. Our results are in agreement
with the experimental data2??30, The results differ significantly
from both typical interface heat transport and those determined
by molecular dynamics simulations.

Fig. 4 displays the vdW spring constant K as a function of stress
(a) and the dependence of the total interface thermal conduc-
tance x; on K (b). The stress is applied biaxially, equally along
a and b axes (in the xy plane). In VASP calculations, the pres-
sure tensor represents the positive tensile stress applied3!. When
the lattice is compressed, the stress is negative, and vice versa.
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Fig. 4 (a) The vdW spring constant K as a function of stress and (b)
the dependence of the total interface thermal conductance k; on K.

The structural optimization is achieved with every application of
stress. From Fig. 4, we observe that the vdW spring constant
K increases with increasing the strength of the stress. This im-
plies that an increase in compressed stress results in a stronger
vdW interaction between the layers. This is due to the fact that
the increase of the compressive stress leads to a decrease in the
equilibrium distance between the layers and an increase in vdW
interaction energy. The detailed calculation data are included in
ESI S3. The total interface thermal conductance x; shows a non-
linear dependence on the vdW spring constant K. As the spring
constant increases, the thermal conductance increases. This be-
havior can be attributed to the stress-induced enhancement of
vdW interactions. Recent experiments show that manipulating
the coupling of the vdW interface can increase thermal boundary
conductance®. Our study provides a detailed explanation of the
experimental results supported by computational data.

All taken together, we have uncovered valuable insights into
how heat transfer occurs through vdW interactions that are tuned
by stress. In these considerations, the structure was optimized
with every application of stress. The lattice mismatch is mini-
mal in two-layer graphene/hBN heterostructures, and the inter-
ference from the substrate, impurities, or other factors was not
considered, hence the impact of residual stress on the two mono-
layer materials was negligible. Nevertheless, we provide suffi-
ciently convincing insights to argue that strain engineering can
be used to design nanodevices that optimize thermal transport
for the benefit of the desired performance.

3 Conclusion

In conclusion, a universal theoretical model is developed for inter-
face thermal transport in both layers through vdW contacts, based
on first-principles calculations at low temperatures. The heat
transfer induced by vdW contacts is dominated by ZA phonons
with low frequencies. The interface thermal conductivity in-
creases non-linearly at low temperatures and quasi-linearly at el-



evated temperatures. The tuning of the interface thermal con-
ductivity is effective through stress-controlled vdW interactions.
Our theoretical model is widely applicable to vdW-bonded layers
based on 2D materials. These insights suggest the technologi-
cal value of utilizing stress points in developing novel vdW nan-
odevices with controlled thermal properties and advanced overall
performance.
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